Eukaryotic cells contain large assemblies of RNA and protein, referred to as ribonucleoprotein (RNP) granules, which include cytoplasmic P-bodies, stress granules, and neuronal and germinal granules, as well as nuclear paraspeckles, Cajal bodies, and RNA foci formed from repeat expansion RNAs. Recent evidence argues that intermolecular RNA-RNA interactions play a role in forming and determining the composition of certain RNP granules. We hypothesize that intermolecular RNA-RNA interactions are favored in cells yet are limited by RNA-binding proteins, helicases, and ribosomes, thereby allowing normal RNA function. An over-abundance of intermolecular RNA-RNA interactions may be toxic since perturbations that increase RNA-RNA interactions such as long repeat expansion RNAs, arginine-containing dipeptide repeat polypeptides, and sequestration or loss of abundant RNA-binding proteins can contribute to degenerative diseases.
Introduction
Eukaryotic cells contain a growing number of non-membranebound organelles consisting of RNA and protein, which we will generically refer to as ribonucleoprotein (RNP) granules. RNP granules include stress granules, P-bodies, germ granules, and neuronal granules in the cytoplasm as well as paraspeckles, the nucleolus, and Cajal bodies in the nucleus (Buchan, 2014; Kiebler and Bassell, 2006; Voronina et al., 2012; Fox et al., 2002; Gall, 2000) . RNP granules are ubiquitous and conserved in eukaryotes. Understanding the assembly mechanisms of these non-membrane-bound organelles offers opportunity for new insight into cellular organization and regulation.
Historically, studies aimed at determining the assembly mechanisms of RNP granules have focused on proteins. In numerous cases, mutating or deleting key RNP granule proteins reduces RNP granule formation (reviewed in Buchan [2014] ; Protter and Parker [2016] ). For example, the Edc3 protein strongly enhances P-body formation in Saccharomyces cerevisiae (Decker et al., 2007) , the G3BP protein is required for stress granule formation in mammalian cells during oxidative stress (Kedersha et al., 2016; Tourriè re et al., 2003) , and the MEG1 and MEG3 proteins are required for P-granule formation in C. elegans (Wang et al., 2014) . These proteins all bind RNA and are thought to connect individual RNPs into larger assemblies through protein-protein interactions.
Four different types of protein-protein interactions promote RNP granule formation. Some are stereospecific interactions between well-folded domains ( Figure 1A ), such as the dimerization of G3BP in stress granule assembly (Tourriè re et al., 2003) or Edc3 in P-body assembly (Ling et al., 2008) . Some granule-promoting interactions occur through intrinsically disordered regions (IDRs) of proteins, which are enriched in RNP granules (Decker et al., 2007; Kato et al., 2012; Reijns et al., 2008) . Granule assembly can be promoted by the interactions of conserved short linear motifs (SLiMs) within IDRs with the surface of other well-folded protein domains ( Figure 1B ; reviewed in Jonas and Izaurralde [2013] ). Moreover, short repeated sequences in IDRs containing tyrosine, referred to as low-complexity aromatic-rich kinked segments (LARKs), are enriched in RNP granule components and may form local structures that interact with other LARK-containing IDRs, thereby providing additional interactions ( Figure 1C ; Hughes et al., 2018; Murray et al., 2017) . Finally, IDRs can also interact with other proteins in a promiscuous manner ( Figure 1D ), perhaps through cation-p or p-p interactions (Vernon et al., 2018) , and by being tethered to a specific interaction module, they can enhance the assembly of RNP granules .
Additional evidence that protein-protein interactions contribute to RNA granule formation is that many purified RNP granule proteins, and/or their IDRs, can undergo self-association in vitro in processes referred to as liquid-liquid phase separation (LLPS) and/or hydrogel formation (Table S1 ). Although many proteins can undergo LLPS in vitro, in only a few cases have these assemblies been shown to correlate with RNP granule formation within cells. For example, the interactions of Dcp2, Pdc1, and Edc3 have been shown to promote P-body formation in S. pombe and also promote LLPS in vitro (Fromm et al., 2014) . The self-partitioning of RNP granule components in vitro is consistent with these protein-protein interactions contributing to RNP granule formation.
RNAs are also required for the formation of some RNP granules. For example, the transcription, and presence, of NEAT1 lncRNA is required for paraspeckle formation (Clemson et al., 2009; Mao et al., 2011) . Similarly, stress granules and P-bodies require non-translating mRNAs for their formation (Liu et al., 2005; Sheth and Parker, 2003; Teixeira et al., 2005; Pillai et al., 2005) since inhibiting translation initiation increases P-body and stress granule assembly, while trapping mRNAs in polysomes reduces P-body and stress granule assembly (Buchan et al., 2008; Teixeira et al., 2005; Kedersha et al., 1999 Kedersha et al., , 2000 . Similarly, the formation of RNA foci from repeat expansion RNAs only occurs when the RNA reaches a critical length (Lee et al., 2013; Wojciechowska and Krzyzosiak, 2011) . A common model to explain how RNAs promote RNP granule formation is that RNAs provide scaffolds for multivalent RNA-binding proteins, which then, through homotypic or heterotypic protein-protein interactions, connect individual RNPs to form higher-order assemblies (Figure 2A) .
Herein, we review evidence suggesting that intermolecular RNA-RNA interactions directly promote the assembly of RNP granules, leading to a combinatorial model in which RNP granule formation is the result of a summation of protein-protein, protein-RNA, and RNA-RNA interactions. This has implications for the intracellular conditions that affect RNP granule formation, how these assemblies are regulated, and the steady-state nature of RNP complexes.
Intermolecular RNA-RNA Interactions Contribute to RNP Granule Formation One argument for intermolecular RNA-RNA interactions promoting RNP granule formation is the robust self-assembly of RNA in vitro (Table S2) . Specifically, multiple RNAs, or mixtures of RNAs, are capable of protein-free self-assembly, including all four RNA homopolymers (Aumiller et al., 2016; Van Treeck et al., 2018) , total yeast RNA , specific mRNAs (Bounedjah et al., 2012; Langdon et al., 2018) , or RNAs corresponding to repeat expansion RNAs (Jain and Vale, 2017). The self-assembly of RNA can occur at concentrations as low as 2 mg/mL (Table S2) , which is lower than typical concentrations used to demonstrate LLPS of RNA-binding proteins (0.5-10 mg/mL; Table S1 ). Moreover, the concentration of exposed mRNA open reading frames during a stress response, when ribosomes run off mRNAs and stress granules form, is estimated to be 150-800 mg/mL in yeast and 80-300 mg/mL in human cells, which are concentrations at which RNAs will robustly self-assemble in vitro under physiological salt and polyamine concentrations .
Three observations suggest that RNA self-assembly in vitro is relevant to in vivo formation of certain RNP granules. First, protein-free yeast RNAs assembled in vitro under physiologically relevant salt and crowding conditions largely recapitulate the yeast stress granule transcriptome , which is biased toward longer RNAs (Khong et al., 2017) . (C) Molecular crowding has a greater effect on the effective concentration of larger molecules, where the available solvent is much more reduced. This is visualized by the accessible solvent to a 55 kDa protein (left, dark red area) and a 7.5 kb RNA (right, dark blue area). Darker coloring denotes accessible locations of the center of the protein or RNA, respectively. (D) The association of larger molecules and complexes is favored by depletion attraction, which is a force only exerted in crowded conditions. The association of two larger molecules decreases the excluded volume and increases the entropy of the smaller macromolecules also in solution. Counterintuitively, the aggregation of larger complexes is entropically favored in crowded environments like the cell.
Although it remains possible that there is an unrecognized code in these selfassembling RNAs, the simplest interpretation is that longer RNAs have more sites for intermolecular RNA-RNA interactions and therefore have enhanced self-association both in cells and in vitro. Second, pathogenic repeat expansion RNAs, are more prone to self-partitioning in vitro than length-matched counterparts (Jain and Vale, 2017) . This is consistent with repeat expansion RNAs forming highly structured hairpins (Sobczak et al., 2003) , the base pairs of which could easily be rearranged to form between RNAs, creating an RNA network (Jain and Vale, 2017) . Moreover, the ability of repeat expansion RNAs to self-assemble in vitro correlates with their ability to form RNA foci in cells in terms of their length requirements and sensitivity to increased ammonium acetate or doxorubicin, a nucleic acid intercalator (Jain and Vale, 2017) . Third, there is a correlation of mRNA self-assembly in vitro with the localization of mRNAs in specific RNP granules in the filamentous fungus Ashbya gossypii. Specifically, the SPA2 and BNI1 mRNAs, which are enriched in an RNP granule at the growth-tip, preferentially self-assemble together in vitro, while CLN3 mRNA, which is found in a nuclear-associated RNP granule, preferentially assembles with itself (Langdon et al., 2018) .
Additional observations are also consistent with the formation of stress granules, and potentially other RNP granules, being partially driven by promiscuous RNA-RNA interactions. Specifically, when naked RNA is injected into the cytosol, it triggers the formation of stress granules (Mahadevan et al., 2013) . Similarly, transfection of the luciferase mRNA (Bounedjah et al., 2012) or short RNAs prone to forming G-quadruplexes into cells promotes stress granule formation (Fay et al., 2017) . Notably, even electroporated single-stranded DNA (ssDNA) will nucleate stress granules, which could be explained by ssDNA base-pairing with RNAs or ssDNA serving as a scaffold for granulepromoting RNA-binding proteins that can also bind ssDNA (Bounedjah et al., 2014) . In addition, stress granule formation is sensitive to the osmotic strength of the cell in a manner that correlates with RNA-RNA interactions and not protein-protein interactions. Specifically, hyper-osmotic stress, which increases intracellular salt concentrations and enhances RNA-RNA interactions, promotes stress granule formation (Bounedjah et al., 2012) . In contrast, hypo-osmotic stress, which lowers intracellular salt and diminishes shielding of the RNA's negative backbone, results in rapid stress granule disassembly (Bounedjah et al., 2012) . In contrast, LLPS of RNA-binding proteins or their IDRs in vitro is typically increased by lower salt and decreased by higher salt concentrations (Table S1 ). Together, these observations suggest that intermolecular RNA-RNA interactions can contribute to RNP granule assembly.
Biochemical Nature of Intermolecular RNA Interactions The biochemical interactions that drive self-assembly of RNA in vitro, and in cells, are of three types ( Figures 2B-2D ). First, both Watson-Crick and non-Watson-Crick interactions between bases promote both intra-and intermolecular RNA-RNA interactions. Second, base stacking, either between single-stranded regions, or co-axial stacking of helices can also promote trans RNA-RNA interactions (Zanchetta et al., 2008) . Finally, since RNAs are roughly an order of magnitude larger than their encoded proteins, RNA self-assembly may be enhanced by the crowded cellular environment (Ellis, 2001 ), which has a greater effect on the self-association of larger molecules or assemblies (Figures 2C and 2D; Marenduzzo et al., 2006) These observations suggest that whenever there are high concentrations of exposed RNA, intermolecular RNA-RNA interactions can form, therefore contributing to higher-order RNA assemblies. Such events could occur during a stress response when large amounts of open reading frames are freed from ribosomes or locally at sites of proliferative transcription. Given the degenerative nature of RNA-RNA base-pairing, and the size of RNAs, such interactions need not be specific. For example, the average length of an mRNA in a mammalian stress granule is 7.5 kb (Khong et al., 2017) and by a sliding window contains 7,500 hexamers, thereby allowing (7,500) 2 possible six base pair interactions with another 7.5 kb RNA. Since 1 out of 4,096 hexamers can perfectly base pair, any two random 7.5 kb RNAs in stress granules would therefore be predicted to have approximately 14,000 possible six base interactions of perfect complementarity simply by chance. Even if 99% of these possible sites of interaction are hidden by secondary structures or bound proteins, two random 7.5 kb mRNAs would be expected to have over 100 potential sites of interaction. This ignores the possible interactions from shorter helices, partial matches, non-canonical base pairs, base stacking, and crowding effects. Since large RNAs can have multiple interactions, any given individual interaction between RNAs can be weak and transient and still, through a summation of multiple weak interactions, form a stable assembly (Banani et al., 2016) .
A Gradient of Promiscuous to Specific RNA-RNA Interactions Cells appear to utilize both promiscuous and specific RNA-RNA interactions in the formation of RNP granules. Stress granules, which form rapidly during a stress response and are heavily biased toward longer mRNAs (Khong et al., 2017) , may simply form through random associations between RNAs ( Figure 3A ; Van Treeck et al., 2018) . Similarly, the retention of long mRNAs in the germ plasm of Drosophila is proposed to occur, at least in part, through essentially random base-pairing to multiple piwi-interacting RNAs (piRNAs) that reside within the germ plasm simply because longer RNAs have more sites for possible interactions with the piRNAs (Vourekas et al., 2016) . In contrast, specific base-pairing in trans between oskar mRNAs, or bicoid mRNAs, is required for their recruitment to RNP granules during Drosophila oocyte development ( Figure 3B ; Jambor et al., 2011; Ferrandon et al., 1997) . mRNAs may also have structures that limit trans intermolecular interactions and thereby impart specificity to the assembly of RNP granules. This latter possibility is suggested by the observation that a mutation altering the structure of CLN3 mRNA in Ashbya gossypii increases its interaction with SPA2 and BNI1 mRNAs in vitro and the colocalization of the mRNAs in cells (Langdon et al., 2018) .
Are RNA-RNA Interactions a General Feature of Diverse RNP Granules? The prevalence and stability of RNA-RNA interactions raise the possibility that intermolecular RNA-RNA interactions contribute to multivalent assemblies whenever such assemblies contain a high local concentration of RNA molecules. For example, several observations suggest that the formation of paraspeckles, a nuclear RNP granule containing approximately 50 copies of the long isoform of NEAT1 long noncoding RNA (lncRNA) , may be instigated by intermolecular RNA-RNA interactions that occur during transcription ( Figure 3C ). First, paraspeckles form during the transcription of NEAT1, require NEAT1 for their assembly, and are sensitive to RNase once formed (Fox et al., 2005; Prasanth et al., 2005) . Based on the volume of a paraspeckle, 50 copies of the 23 kb NEAT1 RNA within paraspeckles equates to a NEAT1 concentration of approximately 1 mg/mL, which is well above the concentrations for RNA-based self-assembly under physiological conditions in vitro (Table S2) . Interestingly, 1,6 hexanediol, an aliphatic alcohol thought to disrupt some weak protein-protein interactions, causes the loss of the NONO protein from paraspeckles while NEAT1 foci remain intact, indicating that the formation of NEAT1 RNA foci is independent of NONO (Yamazaki et al., 2018) . Finally, numerous RNA-RNA interactions have been identified within the NEAT1 RNA both in vivo (Lu et al., 2016) and in vitro , and although these interactions are assumed to be intramolecular, in high local concentrations, such as the site of transcription or within paraspeckles, these interactions may also be intermolecular and contribute to paraspeckle formation.
We suggest that intermolecular RNA-RNA interactions should be expected to occur in any biological context with high local concentrations of RNA, unless actively limited by the cell (see below). Such situations would include transcription sites with the propensity for intermolecular interactions increased by high rates of transcription, longer transcripts, and specific sequences prone to intermolecular interactions. Other possible contexts where intermolecular RNA-RNA interactions could be important for subcellular assemblies include the nucleolus, which is dependent on rRNA transcription for its formation (Falahati et al., 2016) ; Barr bodies, where the formation of an XIST RNA-protein complex coating the inactive X chromosome could be promoted by intermolecular interactions between XIST molecules (Lu et al., 2016 ; da Rocha and Heard, 2017); and viral RNA synthesis factories, which have a high local concentration of RNA (Nikolic et al., 2017) .
One intriguing hypothesis is that RNA-RNA interactions could also play a role in the function of enhancer RNAs (eRNAs), which are produced at both enhancers and superenhancers, are important for enhancer function, and stimulate transcription proportional to their abundance (Hnisz et al., 2017) . However, how eRNAs enhance transcription is not clear. A recent model for enhancer and super-enhancer function is that the concentration of transcription factors and eRNAs at these sites allows for the formation of a local phase separation, which leads to downstream transcriptional activation (Hnisz et al., 2017) . Given the propensity of RNAs to interact in trans, one prediction is that eRNA-eRNA interactions might play a role in the assembly of this phase transition (B) RNA-RNA interactions contributing to assembly can also be specific. Two examples have been described in Drosophila development in which specific RNA-RNA homodimers of either bicoid or oskar RNAs are important for RNP granule assembly. (C) Transcription sites may be a common location of RNP granule assembly, driven in part by the high local concentration of RNA. As NEAT1 is transcribed, for example, a high local concentration of NEAT1 RNA is achieved. We hypothesize that newly transcribed NEAT1 RNA is capable of forming interactions with neighboring NEAT1 RNAs. As transcripts are released from transcription, a paraspeckle remains. Mature paraspeckles have a clear orientation, with the middle of the RNA and certain proteins found in the center and RNA ends oriented on the outside. at enhancers and thereby trigger downstream transcriptional activation.
A Combinatorial Model for RNP Granule Assembly
Given the diversity of interactions promoting RNP granule assembly, we suggest a ''four-phase'' model wherein RNP granules form when the summation of protein-protein, protein-RNA, and RNA-RNA interactions increase over a threshold for assembly ( Figure 4A ). An assembly diagram containing four unique regions illustrates this model. Increasing protein-protein interactions leads to RNP granule assembly as the cellular environment moves up on the y axis to a position in which protein-protein interactions are sufficient to drive assembly. Conversely, increasing RNA-RNA interactions, through rapid Protein-driven granules are expected to be highly influenced by the overexpression or deletion of key protein components. These granules are also expected to be regulated by post-translational modifications and chaperones. In contrast, granules primarily driven by RNA-RNA interactions are predicted to have a high local concentration of RNA, with an enrichment for long RNAs or RNAs with stable, specific interactions. In addition, enzymes acting on RNAs, such as helicases, would be expected to modulate the dynamics of RNA-based assemblies. Most granules will reside somewhere in the middle, with some characteristic properties from both sides of the spectrum. influxes of RNA, or the production of RNAs with increased propensity to assemble can lead to formations primarily driven by RNA. This model also provides context for why disruption of protein-protein interactions could disrupt formation of a primarily RNA-driven assembly.
The interactions that allow an RNP granule to assemble should be expected to differ between conditions and granule types. Specifically, one expects that the relative importance of protein-protein to RNA-RNA interactions to vary between different types of RNP granules ( Figure 4B ). For example, stress granules that form from a rapid loss of mRNAs from translation and preferentially recruit long mRNAs may utilize a significant number of RNA-RNA interactions in their formation. Similarly, RNA foci formed from repeat expansion RNAs with a high propensity to base pair would be expected to be primarily driven by RNA-RNA interactions. In contrast, RNP granules with a low concentration of RNAs, and highly efficient self-assembling proteins, would be predicted to be more dependent on protein interactions. Moreover, the specific protein-protein interactions that contribute to RNP granule assembly can vary. For example, P-body assembly in yeast can be driven by different combinations of proteins depending on the genetic context (Rao and Parker, 2017) . Similarly, the deletion of key stress granule proteins in mammalian cells can abrogate stress granule assembly in some stresses and not in others (Kedersha et al., 2016) . Thus, one anticipates that the underlying proteome and transcriptome of individual cells allows varying sets of interactions to drive RNP granule assembly in different cell types and biological contexts.
The self-assembly of RNA and RNA-binding proteins, as well as their interactions with each other, predicts a complex set of conditions whereby the concentrations, size, and valency of RNA and RNA-binding proteins will influence the formation and properties of larger assemblies ( Figure 5 ; Table S3 ). For example, the addition of high concentrations of RNA can inhibit the self-assembly of RNA-binding proteins (Banerjee et al., 2017; Schwartz et al., 2013 , Maharana et al., 2018 , perhaps because the RNA competes with the protein-protein interaction surfaces. However, RNA can also enhance the assembly of RNA-binding proteins (Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015) at lower concentrations or if in conditions that allow RNA-RNA interactions to contribute ( Figure 5B) . Similarly, the ratios and valency of RNA-binding proteins can affect the nature of assemblies driven by RNA-RNA interactions ( Figure 5A ).
Regulation of the Equilibrium between Monomeric and Multimeric RNPs
Given the robust self-assembly properties of RNA, we hypothesize that cellular RNAs are in a continual exchange between monomeric, oligomeric, and multimeric assemblies large enough to be seen in the light microscope and identified as RNP granules. Evidence for intermolecular interactions at scales smaller than RNP granules includes single-molecule fluorescent in situ hybridization (smFISH) of the mRNA DYNC1H1, which does not show random distribution in the cytoplasm but concentrates into clusters of 3-7 mRNAs (Pichon et al., 2016) . In addition, mapping of RNA-RNA interactions in vivo identified over 990 diverse mRNA-mRNA interactions with a substantial fraction being between two different mRNAs (Aw et al., 2016; Lu et al., 2016; Sharma et al., 2016; Gong et al., 2018) . Moreover, the imperfect binding of Alu-containing lncRNAs to mRNAs has been suggested to promote Staufen-dependent mRNA decay (Gong and Maquat, 2011) . Although more work needs to be done to achieve a more comprehensive and reproducible summary of RNA-RNA interactions in the cell, 170 mRNAs have already emerged as potential interaction hubs with more than 100 documented RNA interaction partners (Gong et al., 2018) .
Since the proper functioning of RNAs frequently requires a monomeric RNP, we hypothesize that cells utilize multiple mechanisms to modulate the formation of RNA-based assemblies ( Figure 6 ). For example, ribosomes or monovalent RNA-binding proteins can limit RNA-RNA interactions by binding RNA sequences and restricting their availability for RNA-RNA interactions, while multivalent proteins may increase RNP aggregation ( Figure 5A ; Table S3 ). This principle has been demonstrated both in vitro and in vivo, where increased concentrations of the monovalent RNA-binding protein YB1 inhibit stress granule formation in cells and limit the formation of an RNA-TIA1 protein assembly in vitro (Bounedjah et al., 2014) . Similarly, knockdown of the abundant RNA-binding protein TDP-43 in human cells, or its ortholog in C. elegans, leads to the accumulation of doublestranded RNAs (dsRNAs) in either cytoplasmic or nuclear foci (Saldi et al., 2014) . This suggests that the binding of proteins to RNA can limit the formation of dsRNA and intermolecular interactions between RNAs that result in RNA foci.
RNA helicases should be expected to disassemble RNA-RNA interactions and thereby limit RNP granule formation. Strikingly, the loss of the RNA helicase CGH-1 in C. elegans generates solid sheets of other P-granule components (Hubstenberger et al., 2013) , and the ATPase activity of CGH-1 is necessary for P-granule disassembly following extrusion from cells (Smith and Seydoux, 2018) . Similarly, ATP hydrolysis mutants in the DEAD-box helicases Dhh1 or Ded1/Ddx3, results in constitutive P-bodies or stress granules, respectively (Mugler et al., 2016 , Hilliker et al., 2011 . The disassembly role of helicases may be difficult to demonstrate in some cases as RNA helicases can also play roles in RNP granule assembly by nucleating protein-protein interactions (e.g., Hilliker et al. [2011] ).
Cells can also limit RNP granule formation by degrading RNAs; evidence for this effect comes from the increase in P-bodies seen in mammalian or yeast cells when mRNA decapping is blocked (Cougot et al., 2004; Sheth and Parker, 2003) .
RNA-RNA Interactions and Disease
Several genetic perturbations linked to human disease may function by tipping the equilibrium between monomeric and multimeric RNAs (Figure 6 ). The prevalence of RNA foci in repeat expansion disease is a clear example of a toxic RNA being produced that has the potential for multiple intermolecular interactions and thereby formation of a multimeric RNA assembly in the cell (Jain and Vale, 2017) . Moreover, many repeat expansion RNAs, such as ALS-linked G4C2 expansions in the C9orf72 gene, can produce polypeptides composed of dipeptide repeats through a process referred to as repeat-associated non-AUG (RAN) translation (Zu et al., 2011) . The most toxic of these dipeptides are either (RG) n or (PR) n , which can essentially function as polyamines and promote intermolecular RNA-RNA interactions , although whether this is the basis of their toxicity remains to be established. Finally, a decrease in . In contrast, at high concentrations, a monovalent RNA-bp can inhibit assembly by competing for RNA-RNA interactions (bottom left), while a multivalent RNA-bp can enhance assembly by providing additional cross-linking interactions between RNA molecules (bottom right) (Bounedjah et al., 2014) . (B) Effects of RNAs on self-assemblies of RNA-binding proteins. The addition of low concentrations of short or long RNAs should result in the RNA being effectively recruited to the assembly (top left and right). At high concentrations, both types of RNAs can also inhibit assembly by competing with the proteinprotein interaction surface (bottom) (Lin et al., 2015; Schwartz et al., 2013; Maharana et al., 2018) . However, RNA can also enhance the assembly of RNA-binding proteins (Banerjee et al., 2017; Molliex et al., 2015; Patel et al., 2015) by either providing a scaffold to increase the valency of RNA-protein complex interactions ( Figure 2A) ; by triggering a conformational change in the protein that promotes assembly, which can occur with short RNAs (middle left); or through RNA-RNA interactions that promote assembly, which is favored for longer RNAs (middle right). the functional pool of abundant heterogeneous nuclear RNP (hnRNP) proteins appears to promote intermolecular RNA-RNA interactions. For example, the sequestration of abundant RNAbinding proteins such as TDP-43 into cytoplasmic foci in numerous degenerative diseases may contribute to toxicity by allowing RNA-RNA interactions and a stress response to dsRNA (Saldi et al., 2014) .
RNA Self-Assembly: Perspectives and Retrospectives
One predicts that RNA-RNA interactions will continue to emerge as key players in cellular mechanisms and assemblies. While base-pairing interactions will be easiest to find, important RNA-RNA interactions that are short and transient may remain more elusive. The ubiquity of RNA-RNA interactions argues that such interactions will be prevalent but also carefully modulated by the cell. As such, misregulation of RNA-RNA interactions could result in pathogenic phenotypes. An important area of research will be in defining the range of RNA-RNA interactions in cells, how cells utilize such interactions for normal function, and how they are modulated by cellular machineries.
Retrospectively, it is self-evident that the robust and degenerate self-assembly of RNA would have been an ideal crucible for the origins of self-replicating RNA. Given an abiotic source of oligonucleotides at a high enough concentration and with abundant counter-ions, essentially any collection of oligonucleotides can self-assemble into a higher-order structure with an increased local concentration of oligonucleotides (Aumiller et al., 2016; Van Treeck et al., 2018) . Moreover, because such assemblies concentrate RNA molecules, they can increase the formation of catalytic moieties by increasing interactions between molecules that promote chemical reactions (Strulson et al., 2012) . Such RNA-based assemblies may have preferentially retained longer RNAs while, due to the absence of a membrane, allowing facile entry of oligonucleotide precursors for continued rounds of replication.
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SUPPORTING CITATIONS
The following referencces appear in the Supplemental Information: Berry et al. We hypothesize that RNPs may be more prone to associate when their components are in high local concentrations, when they are composed of longer RNAs, or when they contain multivalent RNA-binding proteins or RNAs with increased interaction propensity with other RNAs (such as in repeat expansion diseases). Disassembly may be promoted by increased recruitment of monovalent RNA-binding proteins or short RNAs that limit associations between RNPs. Active remodelers, like chaperones, can also disassemble RNP granules (reviewed in Protter and Parker [2016] ). In addition, helicases and ribosomes can unwind intermolecular RNA-RNA interactions and block potential RNA-RNA and RNA-protein interactions, respectively.
